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Abstract— Magneto-electric transistor (MEFET) schemes are
voltage-controlled spintronic devices. Introduced here is a one-
source two-drain magneto-electric MEFET, such that each gate
has two outputs. This allows logic to be configured with a steering
function, switching the electron flux to one of two outputs termed
“steering logic". The result is a highly efficient and simple scheme
for logic implementation. A majority gate can be constructed with
four components (four single input devices) but with only one
leakage path and requiring only a single clock cycle to complete
the function.
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1. INTRODUCTION

The magneto-electric transistor (MEFET) concept has been
given increasing consideration as a versatile option for beyond
CMOS circuitry [1-6], as this opens the door to spintronics
without ferromagnetic domain reversal, and thus the long delay
associated ~ with  switching  ferromagnetic  elements.
Benchmarking efforts of a variety (MEFET) concepts are
progressing [3-7], where there has been an effort to compare the
MEFET with CMOS [3].

The MEFET schemes are based on polarization of the
semiconductor channel, by the boundary polarization of the
magneto-electric gate [1-4] and thus are inherently nonvolatile
spintronics devices. The advantage to the magneto-electric field
effect transistor is that such schemes avoid the complexity and
detrimental switching energetics associated with magneto-
electric exchange-coupled ferromagnetic devices. In addition,
the canting of the interface magnetization and low barriers to
domain switching can be assets to device utilization and may no
longer be an issue to device implementation.

Spintronic MEFET devices based solely on the switching of
a magneto-electric, are expected to have a switching speed
limited only by the switching dynamics of the magneto-electric
material, and above all are voltage controlled spintronic devices.
The basic device is shown in Figure 1(a). Such magneto-electric
spintronic devices are considered a versatile option for beyond
CMOS circuitry. This device is an enhancement to the spin
transistor proposed by Datta and Das [8].
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In the original spin transistor, the applied gate voltage
controls the channel spin precession, through electric field
generated due to the spin orbit dependent Rashba effect. This
results in a change in the source-drain (IDS) current, which
represents the state variable of the device.
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Figure 1: (a) Simple MEFET gate, used in earlier logic schemes. Here the
channel is polarized depending on the chromia spin vector orientation. The basic
top gated magneto-electric spin-FET with a ferromagnetic (FM) source and

drain. (b) View and detail of operation for steering MEFET, ShOWil’lg the
dual drain configuration and single source.

Evaluation of beyond CMOS devices is required in order to
determine if any of the new concepts may compete favorably
with CMOS. To this end, it is important to benchmark
equivalent functions that may be available in CMOS and in the
process being evaluated. While benchmarking is a vital part of
the process, it is also important to evaluate the beyond CMOS



devices in a manner that optimizes their strengths. Here we
evaluate the MEFET steering devices in a stacked “steering
logic”, using the simulation methods described in [7], and find
the technique gives improved performance over conventional
implementations of logic in MEFET.

This device is ultimately expected to operate down to gate
voltages of around 100 mV or less, possesses inherent memory
due to the non-volatile AFM order of the magneto-electric and
has a sharp turn-on voltage [9-10]. A particular advantage is that
the device also has a potential on-off ratio of ~ 106 [11], which
is comparable to CMOS and advantageous for implementing
logic functions. It also features an extremely low switching
delay of around 6 ps (or less), if the antiferromagnetic domain
reversal mechanism is coherent rotation [12]. Variants of the
device have been proposed as building blocks for conventional-
style logic such as inverters, NAND and NOR, recognizable
from CMOS logic [1-3]. In addition, the basic MEFET can be
used to form very area efficient designs for what in CMOS are
compound gates, such as XOR, AND and OR gates [3,7]. While
efficient, the problem with the prior evolution of devices, based
on the MEFET, is they have aimed to optimize the logic
operations at the device level [2-4].

Introduced here is a single-source double-drain magneto-
electric MEFET, such that each gate has two outputs that allows
logic to be configured with a steering function, directing the
electron flux to one of the two outputs. Recent work suggests
this one source, two drain device appears to be very close to
realization [13-20], and it is only a matter of time before such a
device is constructed with an antiferromagnetic magneto-
electric as the gate dielectric. Indeed, there are already detailed
theoretical efforts to understand how such a device might work
[21-22]. The circuit architecture obtained from this type of
component is termed “steering logic, and it results is a highly
efficient and simple scheme for logic implementation, at the
circuit level. The new approach optimizes gate level logic,
resulting in greater area efficiency, performance and leakage
over conventional designs.

II. MEFET STEERING GATES

A. Logic Functions

Steering logic in the MEFET case steers the electron flux to
one or the other of two outputs, based on the local field
introduced by the magneto-electric gate on the semiconductor
channel, which should have spin-orbit coupling, to make the
device operational [21-23]. Thus, in this steering logic MEFET,
any gate should have two output ports (Out+ and Out-) to which
the electrons are steered. These correspond to the logic “1”” and
“0” voltage or current levels in the usual transistor logic. It is
important to note that when carriers enter either drain only the
charge current matter at the outputs. Using a directional spin-
orbit state at the source voltage, voltage applied to the gate,
steers current to the left or right drain (Figure 1b). This can be
used for transparent logic schemes.

Combining steering MEFETs allows all input
combinations to impact all outputs. With two tiers of gates, logic

gates AND, XOR, or OR logic gates, and their inverses are
possible (figure 2). A third input row gives up to eight outputs.
This has been noted previously in the context of binary-decision
logic [24-26].

B. Majority Gate

We can also generate functions such as the
Majority/Minority gate (Figure 3). The majority function
typically requires at least four conventional logic gates, but here
is constructed with the same 3-tier steering stack from which
other three input functions are made. It is clear that the basic
majority gate of Figure 3 has several unused steering devices.
We can form a gate-optimized version of this majority gate by
reviewing the stack for unused gates as well as removing any of
the superfluous gates. Further simplifications can be made by
combining outputs that have the same function.
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Figure 2: The structure of fig 1(b) can be used to form an AND, XOR or a NOR
gate function, as well as the inverse, NAND, OR, and XNOR.

Majority Function

Figure 3: Schematic of a steering logic gate with 3 input gates (A, B, C).This
configuration allows any output from any input. Here the majority output
combination is shown. It can be stacked for any number of inputs, just by adding
extra rows of devices.



Here, the two steering gates connected to the “C” input are
doing the same logical function, so the outputs can be merged to
form the resultant, much simplified, circuit of Figure 4.
Comparing this new MEFET steering gate majority gate to the
prior MEFET designs [3] shows that the steering design has
lower leakage, and only requires a single clock cycle to complete
the function. It also results in improved area efficient.
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Figure 4: The schematic of the condensed Majority logic function based on the
steering, one source, two drain ME-FET devices, of Figure 1a.
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Figure 5: Full adder using conventional MEFET logic design. This has nine input
gates, five MEFET devices has three leakage paths to ground, and takes two
clock cycles to complete the function.

C. Full Adder

The full adder is the most important digital benchmarking
circuit. A comparison of CMOS and ME-FET designs has been
made previously [3]. This is shown in figure 5. The steering
logic version however (figure 6), requires just seven components
(seven single input), seven gates, one leakage path, but only a

single clock cycle. This has just one leakage path, and only
needs a single clock cycle to complete the full add sum and carry
functionality The area of prior and steering ME-FET full
adders are similar, but the delay for the entire cell is now 50%
of the non-steering ME-FET version described in [3]. The delay-
to-carry using steering logic is reduced by around 20%, as a
result of capacitance reduction, and there is a lowering of
leakage power by approximately 25% compared to prior ME-
FET logic described in [3].
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Figure 6: Full adder using combined functions from the steering logic. This same
functionality can be obtained from simply combining the circuits in Figures 3
and 4, however such a combination is much less efficient in terms of area, speed
and both active and passive power.

A performance comparison of the full adder in CMOS,
MEFET (using conventional logic configurations), and MEFET
(using a steering logic configuration) assuming a 15 nm
equivalent process node, as used in prior benchmarking
exercises with beyond CMOS technologies [10], are shown in
table 1 and figure 7. These show that the MEFET with steering
logic implementation is expected to exhibit similar performance
(delay) but for that same delay, have considerably lower power
than CMOS.

I.  CONCLUSIONS

We have presented a new magneto-electric transistor
concept that lends itself to efficient logic architecture, based on
MEFET anomalous Hall effect steering logic, where all possible
outputs, from a set of static inputs, are available. These outputs
can be monitored to generate a variety of logical output
functions.

We have determined that in the instance of the industry
standard full adder benchmarking circuit, we achieve a reduction
in delay time from between 20 to 50%, while at the same time
reducing leakage power by 75%. These improvements are
achieved in a similar die area. This use of the MEFET



anomalous Hall effect steering logic also permits multiple
logical functions to be generated from the same circuitry, by
tapping off the different outputs.

Performance Comparison CMOS vs MEFET
0.7
06
05
0.4

0.3

Energy (f])

0.2

0.1

0 10 20 30 40 50 60 70
Delay (ps)

—_— CMOS conventional MEFET Steering MEFET

Figure 7: Performance comparison of the full-adder test circuit of CMOS [10],
conventional MEFET [3] and steering MEFET (this work). Most desirable
performance corner is minimum delay coupled with minimum energy, or
performance more toward the lower left corner. As can be seen both MEFET
technologies give better performance and lower energy than CMOS, and steering
is improved over the regular MEFET configurations.
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TABLE L THE PERFORMANCE COMPARISON OF THE FULL ADDER IN
CMOS [10], THE MORE CONVENTIONAL PRIOR MEFET LOGIC [3] AND
STEERING MEFET (THIS WORK).

energy(f)) Delay(ps)

HP CMOS 0.6 5.4
LP CMOS 0.07 65
HP MEFET 0.16 20
LP MEFET 0.085 30
HP Steering MEFET 0.16 16
LP Steerig MEFET 0.08 25
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